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A single-photon router based on a modulated cavity optomechanical system
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We investigate the routing of a single-photon in a modulated cavity optomechanical system, in
which the cavity is driven by a strong coupling field, and the mechanical resonator (MR) is modulated
with a weak coherent field. We show that, when there is no a weak coherent field modulating the
MR, the system cannot act as a single-photon router, since the signal will be completely covered
by the quantum and thermal noises. By introducing the weak coherent field, we can achieve the
routing of the single-photon by adjusting the frequency of the weak coherent field, and the system
can be immune to the quantum and thermal noises.
PACS numbers:
I. INTRODUCTION
It is well known that quantum routers are impor-
tant ingredients of quantum networks. In the past few
decades, scientists have demonstrated that many phys-
ical effects and physical systems, such as quantum in-
terference [1], electromagnetically induced transparency
[2], coupled waveguide array [3–5], can be used to realize
the routing of photons. Recently, many theoretical and
experimental researches aiming at achieve the quantum
router in the single-photon level have been reported [6–
10]. Hall et al. demonstrated the routing of single-photon
without disturbing the photons’ quantum states with the
help of strong cross-phase modulation [11]. Hoi et al.
achieved a single-photon router in the microwave regime
by using a superconducting transmon qubit [12]. Zhou et
al. proposed an experimentally accessible single-photon
routing scheme using a three-level atom embedded in a
coupled-resonator waveguide [13].
We also notice that the realization of a single-photon
router has been researched in cavity optomechanical sys-
tem. In Ref. [14], the authors have shown how nanome-
chanical mirrors in an optical cavity can be used to build
single-photon routers. However, their analysis is inade-
quate. We find that, their scheme actually cannot achieve
the routing of a single-photon, since the signal will be
completely covered by the quantum and thermal noises.
In the present paper, we propose a scheme, based on a
modulated cavity optomechanical system, to realize the
single-photon router. In our system, the cavity is driven
by a strong coupling field, and the mechanical resonator
(MR) is modulated with a weak coherent field. We can
achieve the routing of the single-photon by changing the
frequency of the weak coherent field. Moreover, our sys-
tem can be immune to the quantum and thermal noises
when the MR is cooled to its quantum ground state.
This paper is organized as follows. In Section II we in-
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FIG. 1: (Color online) Schematic diagram of our proposed
model. A mechanical resonator (MR) of partial reflection is
inserted between two fixed mirrors. A strong coupling field
is injected from the left. The MR is modulated by a weak
coherent field.
troduce the theoretical model. In Section III, we consider
the case in which there is no a weak coherent field mod-
ulating the MR. We show and explain why in this case
the system cannot act as a single-photon router. Next
in Section IV, we consider the case in which the MR is
modulated by a weak coherent field. We exhibit how the
single-photon router works in this situation. We also dis-
cuss the effects of the quantum and thermal noises on the
single-photon router. Finally in Section V, we provide a
brief summary.
II. MODEL
Our proposed scheme is shown in Fig. 1. We consider
a cavity optomechanical system with a mechanical res-
onator (MR) of partial reflection inserted between two
fixed mirrors. The cavity is driven by a strong coupling
field with amplitude εp =
√
2κP/(~ωp) and frequency
ωp. The MR is modulated by a weak coherent field with
amplitude εd and frequency ωd, this modulation can be
realized by, e.g., parametertically modulating the spring
constant of the MR at twice of the MR’s resonance fre-
quency [15, 16]. The Hamiltonian of the system in the
rotating frame at the frequency ωp of the coupling field
2is given by (~ = 1)
H = ∆aˆ†aˆ+ g0aˆ
†aˆ(bˆ† + bˆ) + iεp(aˆ
† − aˆ)
+ωmbˆ
†bˆ+ iεd[(bˆ
†)2e−i2ωdt − (bˆ)2ei2ωdt], (1)
where ∆ = ωc−ωp is the frequency detuning between the
cavity field and the coupling field. aˆ and bˆ are the anni-
hilation operators of the cavity mode and the mechanical
mode with frequency ωc and ωm, respectively, g0 is the
single-photon optomechanical coupling strength between
the cavity mode and the mechanical mode.
The system dynamics is fully described by the set of
the quantum Langevin equations (QLEs)
daˆ
dt
= −(2κ+ i∆)aˆ− ig0aˆ(bˆ† + bˆ) + εp
+
√
2κcˆin +
√
2κdˆin, (2)
dbˆ
dt
= −(γ + iωm)bˆ− ig0aˆ†aˆ+ 2εde−i2ωdtbˆ†
+
√
2γbˆin, (3)
where 2κ is the total damping rate of the cavity and γ
is the mechanical damping rate. cˆin, dˆin, and bˆin are the
input quantum fields with zero mean values.
We assume that the cavity field is driving by a strong
coupling field εp and the MR is modulated by a weak co-
herent field εd. The steady-state mean values of the oper-
ators can be obtained from the QLEs (2)-(3) by making a
transformations aˆ→ α+ δaˆ, and bˆ→ β+ δbˆ, where α(β)
and δaˆ(δbˆ) are the steady state mean value and quan-
tum fluctuation of the cavity mode (mechanical mode),
respectively, then we have
α =
εp
2κ+ i∆+ ig0(β + β∗)
, (4)
β =
−ig0 |α|2
γ + iωm
. (5)
And for simplicity in symbols, we rewrite δaˆ(δbˆ) as aˆ(bˆ)
in the following sections.
III. WITHOUT THE WEAK COHERENT FIELD
In this section, we consider the case in which there is no
a weak coherent field modulating the MR. We would like
to point out that this situation has been discussed in Ref.
[14]. However, the analysis there is inadequate and the
conclusion is incorrect, so we make a re-calculation and
a re-discussion about this situation. When εd = 0, the
linearized Hamiltonian of the system can be expressed as
HI = ∆
′aˆ†aˆ+ ωmbˆ
†bˆ+G(aˆ†bˆ+ aˆ†bˆ†)
+G∗(aˆbˆ† + aˆbˆ), (6)
where G = g0α, ∆
′ = ∆+ g0(β + β
∗) ≃ ∆.
We define a vector v(t) = (aˆ(t), bˆ(t), aˆ†(t), bˆ†(t))T
in terms of the operators of the system. By substituting
v(t) and HI into the quantum Langevin equation, we can
obtain
dv(t)
dt
= Mv(t) +
√
2κvc,in +
√
2κvd,in +
√
2γvb,in, (7)
where vx,in = (xˆin(t), 0, xˆ
†
in(t), 0)
T (x = c, d), vb,in =
(0, bˆin(t), 0, bˆ
†
in(t))
T , and
M =


−2κ− i∆ −iG 0 −iG
−iG∗ −γ − iωm −iG 0
0 iG∗ i∆− 2κ iG∗
iG∗ 0 iG iωm − γ

 .
(8)
The system is stable only when the real parts of all
the eigenvalues of matrix M are negative. The stability
conditions can be explicitly given by using the Routh-
Hurwitz criterion [17–19], and the stability conditions are
fulfilled in the system with our used parameters. More-
over, for simplicity, we take G as a real number in the
following calculations.
In experiments, the fluctuations of the electromagnetic
field are more convenient to be measured in the frequency
domain than in the time domain. Therefore, we intro-
duce the Fourier transform of the operators
oˆ(ω) =
∫ +∞
−∞
oˆ(t)eiωtdt, (9)
oˆ†(ω) =
∫ +∞
−∞
oˆ†(t)eiωtdt, (10)
where oˆ = aˆ, bˆ, then we can solve the linearized QLEs
(7) in the frequency domain
v(ω) = −(M + iωI)−1[
√
2κvc,in(ω)
+
√
2κvd,in(ω) +
√
2γvb,in(ω)], (11)
where v(ω) = (aˆ(ω), bˆ(ω), aˆ†(ω), bˆ†(ω))T , vx,in(ω) =
(xˆin(ω), 0, xˆ
†
in(ω), 0)
T (x = c, d), and vb,in(ω) = (0,
bˆin(ω), 0, bˆ
†
in(ω))
T , then we can obtain
aˆ(ω) = f (ω)vin(ω), (12)
where f (ω) = (f1(ω), f2(ω), f3(ω), f4(ω), f5(ω), f6(ω)),
and vin(ω) = (cˆin(ω), dˆin(ω), bˆin(ω), cˆ
†
in(ω), dˆ
†
in(ω),
bˆ†in(ω))
T , the concrete forms of the coefficients f1(ω), · · · ,
f6(ω) are tediously long, we will not write them out here.
In this paper, we consider that the input field cˆin is in
a single-photon Fock state, and the correlation functions
are
〈
cˆ†in(Ω)cˆin(ω)
〉
= Sin(ω)δ(ω+Ω),
〈
cˆin(Ω)cˆ
†
in(ω)
〉
=
[Sin(Ω) + 1]δ(ω + Ω). It should be point out that, when
we use such a single-photon state as the input state to
the cavity, we also assume that its center frequency is res-
onant with the cavity [20, 21]. Its spectrum is given by
the Lorentzian lineshape Sin(ω) =
Γ/pi
(ω−ωc)2+Γ2
, in which
3FIG. 2: (Color online) The spectrums of the scattering probabilities F c1 , F
d
1 , F3, · · · , F6 for G/ωm = 10
−4 (black solid lines),
G/ωm = 0.1 (red dotted lines), G/ωm = 0.2 (blue dashed lines). The other parameters are stated in the text.
Γ is the decay rate of the single photon. The incom-
ing vacuum field dˆin is characterized by
〈
dˆin(Ω)dˆ
†
in(ω)
〉
= δ(Ω + ω). The mechanical input operator bˆin satis-
fies
〈
bˆ†in(Ω)bˆin(ω)
〉
= nthδ(Ω + ω),
〈
bˆin(Ω)bˆ
†
in(ω)
〉
=
(nth + 1)δ(Ω + ω) in the frequency domain, where nth is
the thermal phonon occupation number at a finite tem-
perature
The relation among the input, internal, and output
fields is given as [22]
xˆout(ω) = −xˆin(ω) +
√
2κaˆ(ω), x = c, d. (13)
Then we can write the operators of the output fields as
cˆout(ω) = f
c(ω)vin(ω), dˆout(ω) = f
d(ω)vin(ω), (14)
where f c(ω) = (f ′1(ω) − 1, f ′2(ω), f ′3(ω), f ′4(ω), f ′5(ω),
f ′6(ω)), f
d(ω) = (f ′1(ω), f
′
2(ω) − 1, f ′3(ω), f ′4(ω), f ′5(ω),
f ′6(ω)), and f
′
j(ω) ≡
√
2κfj(ω) (j = 1, 2, 3, 4, 5, 6).
The spectrums of the output fields are defined by
Sx,out(ω) =
∫
dΩ
〈
xˆ†out(Ω)xˆout(ω)
〉
, x = c, d. (15)
By substituting the expressions of cˆout(ω) and dˆout(ω)
into Eq. (15), and using the correlation functions, one
can obtain
SIc,out(ω) = F
c
1Sin(ω) + F3nth
+F4Svac(−ω) + F5 + F6, (16)
SId,out(ω) = F
d
1 Sin(ω) + F3nth
+F4Svac(−ω) + F5 + F6, (17)
where F c1 = |f ′1(ω)− 1|2, F d1 = |f ′1(ω)|2, F3 = |f ′3(ω)|2
+ |f ′6(ω)|2, Fj =
∣∣f ′j(ω)∣∣2 (j = 4, 5, 6), and Svac(−ω) =
Sin(−ω) + 1.
We can see that both the spectrums SIc,out(ω) and
SId,out(ω) of the output fields contain five components.
For SIc,out(ω), F
c
1 and F4 represent, respectively, the scat-
tering probabilities of the input field cˆin(ω) and its fluctu-
ation. F5 is the scattering probability of the fluctuation
of the vacuum field dˆin(ω). F3 and F6 denote, respec-
tively, the scattering probabilities of the thermal noise
and quantum noise input to the mechanical mode. It
can be seen that even if there is no input signal photon,
the output fields will also be generated by the vacuum
fluctuations and thermal noises. A good single photon
router should not be influenced by these quantum and
thermal noises.
Next we numerically calculate the reflection spectrum
SIc,out(ω) and the transmission spectrum S
I
d,out(ω). The
parameters we used are the same as that in Ref. [14]: λ
= 1054 nm, L = 6.7 cm, m = 40 ng, ωm = 2pi×134 kHz,
γm = 0.76 Hz, κ = 0.1ωm, ∆ = ωm.
First we do not consider the effects of the noises. In
Fig. 2(a) and Fig. 2(b), we plot the spectrums of the
scattering probabilities F c1 and F
d
1 for different effective
optomechanical coupling strength G. It can be seen that,
when G is small (G = 10−4ωm) [23], around the point
ω − ωc = ωm, the spectrum F c1 exhibits a valley, while
the spectrum F d1 exhibits a peak, and at ω − ωc = ωm,
we have F c1 ≈ 0 and F d1 ≈ 1, this means that the single-
photon will completely transmit through the cavity and
exit from the right output port. For a larger G, e.g., for
4FIG. 3: (Color online) The spectrums of the scattering probabilities Lc1, L
d
1, L3, · · · , L6 for ωd/ωm = 0.8 (black solid lines),
ωd/ωm = 1 (green dotted lines). The amplitude of the weak coherent field εd/κ = 2.37 × 10
−4, and the other parameters are
stated in the text.
G = 0.1ωm or 0.2ωm, at ω − ωc = ωm, we have F c1 ≈
1 and F d1 ≈ 0, this means that the single-photon will be
completely reflected from the cavity and exit from the left
output port. These results are similar with that in Ref.
[14], and indicate that one can realize a single-photon
router by adjusting the effective optomechanical coupling
strength G. However, it should be pointed out that one
obtains these results when one ignores the noises. Things
will be different if the noises are taken into accounted,
and this will be discussed in the following. Here we would
like to point out another phenomenon: the spectrums will
exhibit a split at ω−ωc = ωm ± G, and this is associated
with the normal mode splitting [24, 25].
Now we estimate the order of magnitude of the signal.
It can be seen that, in this case, the operating frequency
of the system is at ω − ωc = ωm, hence the signal can
be expressed as Sin(ωc+ωm) =
Γ/pi
(ωm)2+Γ2
. Its maximum
value is about 10−7, which appears at Γ = ωm.
Then we consider the effects of the quantum and ther-
mal noises. In Fig. 2(c)-(f), we plot the spectrums of
the scattering probabilities F3, · · · , F6, respectively. We
find that, at ω−ωc = ωm, F3, · · · , F6 have the following
order of magnitudes: when G = 10−4ωm, one has F3 ∼
10−2, F4 ∼ F5 ∼ 10−5, and F6 ∼ 10−14, when G = 0.1ωm
or 0.2ωm, one has F3 ∼ 10−5, F4 ∼ F5 ∼ 10−2, and F6
∼ 10−17. That is, with the increase of G, the noises de-
riving from the input fields cˆin(ω) and dˆin(ω) have been
strongly amplified, while the noises deriving from the in-
put field bˆin(ω) has been effectively suppressed.
By comparing the order of magnitudes of the signal and
the noises, we can see that, in the reflection spectrum
SIc,out(ω) and the transmission spectrum S
I
d,out(ω), the
contributions F c1Sin(ωc + ωm) or F
d
1 Sin(ωc + ωm) from
the signal is much less than the contributions F3nth +
F4 + F5 from the noises, whether G = 10
−4ωm , 0.1ωm,
or 0.2ωm. In other words, the signal will be completely
covered by the quantum and thermal noises. Hence, we
can conclude that, in this case, this system can not act
as a single-photon router.
IV. WITH THE WEAK COHERENT FIELD
In this section, we consider the case in which there is a
weak coherent field modulating the MR. In the rotation
frame with H ′ = ωd(aˆ
†aˆ + bˆ†bˆ), the linearized Hamilto-
nian of the system can be expressed as
HII = δaˆ
†aˆ+∆mbˆ
†bˆ+Gaˆ†bˆ+G∗aˆbˆ†
+iεd[(bˆ
†)2 − (bˆ)2], (18)
where δ = ∆ − ωd, and ∆m = ωm − ωd. Here we have
used the rotating-wave approximation to omit the high-
frequency oscillation terms aˆ†bˆ†ei2ωdt and aˆbˆe−i2ωdt.
By substituting v(t) and HII into the quantum
Langevin equation, we can obtain
dv(t)
dt
= M ′v(t)+
√
2κvc,in+
√
2κvd,in+
√
2γvb,in, (19)
5where
M ′ =


−2κ− iδ −iG 0 0
−iG∗ −γ − i∆m 0 2εd
0 0 iδ − 2κ iG∗
0 2εd iG i∆m − γ

 .
(20)
The stability conditions of the matrix M ′ have been ver-
ified by using the Routh-Hurwitz criterion with our used
parameters. The subsequent calculations are similar with
that in section III. The spectrums of the output fields are
obtained as
SIIc,out(ω) = L
c
1Sin(ω) + L3nth
+L4Svac(−ω) + L5 + L6, (21)
SIId,out(ω) = L
d
1Sin(ω) + L3nth
+L4Svac(−ω) + L5 + L6, (22)
in which Lc1, L
d
1, L3, · · · , L6 have the same physical mean-
ing with F c1 , F
d
1 , F3, · · · , F6, respectively. The concrete
forms of Lc1, L
d
1, L3, · · · , L6 are too verbose to be given
here.
Let us show how the single-photon router works in our
scheme. In our system, with the existence of the weak
coherent field, the effective frequency of the mechanical
mode becomes ∆m = ωm − ωd. Figures 3(a) and 3(b)
show the spectrums of the scattering probabilities Lc1 and
Ld1, in which we have chosen G = 0.2ωm = 2κ. It can
be seen that, when ωd = 0.8ωm (∆m = 0.2ωm = 2κ), L
c
1
exhibit a peak around the point ω − ωc = ∆m = 2κ and
two valleys around the points ω−ωc = ∆m±G = (0, 4κ),
while Ld1 exhibits just the opposite. At ω−ωc = 0, one has
Lc1 ≈ 0 and Ld1 ≈ 1, this means that the single-photon will
completely transmit through the cavity and exit from the
right output port. With the increase of ωd, the curves will
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FIG. 4: (Color online) The spectrums of the output fields
SIIc,out(ω) (purple dashed lines), S
II
d,out(ω) (orange dotted
lines) and the input fields Sin(ω) (black solid lines) for dif-
ferent ωd: (a) ωd/ωm = 0.8, (b) ωd/ωm = 0.85, (c) ωd/ωm =
0.9, (d) ωd/ωm = 1. The thermal phonon occupation number
nth = 1, and the other parameters are the same as in Fig. 3.
integrally move to the left, for example, when ωd = ωm
(∆m = 0), we have L
c
1 ≈ 1 and Ld1 ≈ 0 at ω−ωc = 0, this
means that the single-photon will be completely reflected
from the cavity and exit from the left output port. In
this way, we can achieve the routing of the single-photon.
If we consider that the single-photon has a Lorentzian
lineshape with a narrower linewidth than the cavity (Γ
= 0.01κ), we can estimate that the signal Sin(ωc) has the
order of magnitude 10−4.
Now we consider the effects of the quantum and ther-
mal noises in this case. In Fig. 3(c)-(f), we plot the
spectrums of the scattering probabilities L3, · · · , L6, re-
spectively. We find that, in the range of the parameters
we considered (εd/κ = 2.37× 10−4), at ω − ωc = 0, L3,
· · · , L6 have the following order of magnitudes: when ωd
= 0.8ωm or ωm, one has L3 ∼ 10−5, L4 ∼ L5 ∼ 10−8,
and L6 ∼ 10−12.
By comparing with the case in which there is no a
weak coherent field, we find that, in the present case, the
signal is enhanced, and the noises are suppressed. By
comparing the order of magnitudes of the signal and the
noises, we can write the spectrum of the output fields as
SIIc,out(ω) ≈ Lc1Sin(ω) + L3nth, (23)
SIId,out(ω) ≈ Ld1Sin(ω) + L3nth. (24)
It can be seen that if the thermal phonon occupation
number nth . 1, the signal can not be covered by the
noises.
In Fig. 4 we plot the spectrums of the output fields
SIId,out(ω) and S
II
c,out(ω) for different ωd. For ωd = 0.8ωm
and at ω − ωc = 0, we find SIId,out(ωc) ≈ Sin(ωc), and
SIIc,out(ωc) ≈ 0. If we increase ωd, SIId,out(ω) will gradually
decrease, and SIIc,out(ω) will gradually increase near ω−ωc
= 0. When ωd = ωm, we have S
II
c,out(ωc) ≈ Sin(ωc),
SIId,out(ωc) ≈ 0. This shows that our system can act as a
single-photon router.
V. CONCLUSION
In summary, we have investigated the routing of a
single-photon in a modulated cavity optomechanical sys-
tem, in which the cavity is driven by a strong coupling
field, and the mechanical resonator is modulated by a
weak coherent field. We have shown that, if there is no
the weak coherent field, the signal will be completely cov-
ered by the quantum and thermal noises, and the single-
photon router cannot be realized. By introducing a weak
coherent field modulating the mechanical resonator, we
can achieve the single-photon router by adjusting the fre-
quency of the weak coherent field.
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